INTRODUCTION
============

After hip fracture surgery, it is crucial to regain premorbid or pre-fracture physical functions such as walking ability, lower-limb muscle strength, and postural balance. Delay of rehabilitation, cognitive dysfunction, old age, and trochanteric fracture type can be risk factors associated with post-fracture functional recovery \[[@b1-arm-2019-43-6-642]\]. Thus, the periodic and sensitive assessment of physical function is essential. The Berg Balance Scale (BBS) is a representative performance-oriented measure of balance, particularly used in older adults \[[@b2-arm-2019-43-6-642]\], and could be used for a sensitive evaluation of functional improvement in patients surgically treated for hip fracture \[[@b3-arm-2019-43-6-642]\]. When the test is performed periodically after hip fracture surgery, the change in BBS scores reflects the degree of functional recovery. However, it takes time to measure all 14 items, and it is not a completely quantitative test with a score of 0--4 for each item.

Another novel method is mechanography using a force sensor. On the force platform, the center of foot pressure (COP) and trajectory of COP are automatically calculated during double limb support standing. Various COP-related parameters such as the COP area and length are measured \[[@b4-arm-2019-43-6-642]\]. In a previous study, the reliability and validity of measuring balance using COP-related parameter have been demonstrated in older adults \[[@b5-arm-2019-43-6-642]\]. It has also been used to evaluate patients having problems with balance, those who are post-stroke, or those with Parkinson disease \[[@b6-arm-2019-43-6-642],[@b7-arm-2019-43-6-642]\]. Therefore, it would be useful to demonstrate the utility of mechanography in the evaluation of functional improvement in patients after hip fracture surgery.

Muscle weakness in the elderly is closely correlated with frailty. Fried et al. have defined frailty as a condition in which three out of five phenotypic criteria indicating compromised energetics---low grip strength, low energy, slowed waking speed, low physical activity, and/or unintentional weight loss---are met \[[@b8-arm-2019-43-6-642]\]. To evaluate frailty more simply, Morley et al. have suggested measurements on a fatigue, resistance, ambulation, illnesses, and loss of weight (FRAIL) scale, which includes a simple 5-item questionnaire \[[@b9-arm-2019-43-6-642]\]. The Korean version of the FRAIL (KFRAIL) scale can be applied to Koreans \[[@b10-arm-2019-43-6-642]\]. The muscle strength of the lower limbs can also be measured quantitatively using mechanography from the force platform. Lower-limb muscle power is measured during vertical jump or chair rise on a force platform \[[@b11-arm-2019-43-6-642],[@b12-arm-2019-43-6-642]\]. Since the vertical jump test would be challenging due to pain and a risk of fall for patients after hip fracture surgery, measuring maximal power during chair rise is more feasible.

We investigated the relationship between COP variables and BBS as well as other ambulation-related parameters, and the relationship between maximal power during the chair rise test (CRT) from mechanography, hand grip strength (HGS), and K-FRAIL scale after hip fracture surgery.

MATERIALS AND METHODS
=====================

Subjects
--------

A longitudinal prospective study was conducted in university hospitals on patients with hip fractures from September 2016 to August 2018. We analyzed subjects aged 65 years and older who had completed measurements on the BBS and K-FRAIL scales, Functional Ambulation Category (FAC), walking ability by Koval \[[@b13-arm-2019-43-6-642]\], HGS, Romberg test, and CRT at 3 and 6 months after hip fracture surgery. Patients with severe cognitive impairment to the extent that they could not perform simple instructions or those with severe lower extremity weakness caused by other neurological diseases were excluded. Thirtyeight patients at 3 months after hip fracture surgery and 29 patients at 6 months after hip fracture surgery were evaluated ([Fig. 1](#f1-arm-2019-43-6-642){ref-type="fig"}). Informed consent was received from all participants, and the study protocol was approved by the Institutional Review Board of Chung-Ang University Hospital (No. C2016117(1860)), Seoul National University Bundang Hospital (No. B-1603/337-002), and Chungnam National University Hospital (No. 2016-07-018).

Mechanography measurement
-------------------------

Patients were evaluated with the Romberg test and CRT using the foot pressure platform, Leonardo Mechanograph (Novotec Medical GmbH, Pforzheim, Germany) at 3 and 6 months after hip fracture surgery. For the Romberg test, patients were asked to stand upright on the force platforms with their feet together and eyes open for 10 seconds ([Fig. 2A](#f2-arm-2019-43-6-642){ref-type="fig"}). COP during the Romberg test was measured using the mechanograph. COP length represents total body sway trajectory (mm) during the Romberg test. The mechanograph also records the area (mm2) inside the trajectory curve. Both the COP area and length are quantitative parameters of stability, in that increased COP area or length represents decreased stability. For CRT, patients conducted 5 repetitions of sit-to-stand from the chair ([Fig. 2B](#f2-arm-2019-43-6-642){ref-type="fig"}). The Mechanograph measured maximum power (W/kg) and time (s) during chair rise. The exemplar results of the Romberg test and CRT are presented ([Figs. 3](#f3-arm-2019-43-6-642){ref-type="fig"}, [4](#f4-arm-2019-43-6-642){ref-type="fig"}).

Clinical assessments
--------------------

BBS is a 14-item scale designed to measure balance by assessing the performance of functional tasks. Each task is given a score of 0 (unable) to 4 (independent). FAC consists of a 6-point scale that assesses functional ambulation by determining how much support the patient needs when walking. Walking ability by Koval represents ambulatory ability defined as seven stages: (1) independent community ambulation, (2) community ambulation with a cane, (3) community ambulation with a walker or crutches, (4) independent household ambulation, (5) household ambulation with a cane, (6) household ambulation with a walker or crutches, and (7) non-functional ambulation. K-FRAIL is the Korean version of the FRAIL (fatigue, resistance, ambulation, illnesses, and loss of weight) scale, which is a screening tool for determining the frailty status using a simple 5-item questionnaire. To measure HGS, patients are instructed to squeeze a handle of dynamometer as hard as possible for 3 seconds seated in a chair without arm rest with their shoulders adducted and neutrally rotated, elbows flexed at 90°, and with neutral position of the wrists, and the maximum isometric force is recorded.

Statistical analysis
--------------------

The IBM Social Science Statistics version 21.0 Statistical Package (IBM Corp., Armonk, NY, USA) was used to analyze data. The level of statistical significance was set at p\<0.05. Pearson correlation coefficients were calculated for comparisons of BBS, FAC, walking ability by Koval, K-FRAIL, HGS, COP during the Romberg test, and maximal power (W/kg) during CRT in mechanography at 3 and 6 months after hip fracture surgery. We also compared changes in BBS at 3 and 6 months after surgery and changes in mechanography using Spearman correlation coefficients.

RESULTS
=======

The characteristics of subjects included at 3 and 6 months after hip fracture surgery are presented in [Table 1](#t1-arm-2019-43-6-642){ref-type="table"}. COP area and pathway length were correlated with BBS at 3 months (r=-0.570, p\<0.001 and r=-0.494, p=0.002, respectively) and 6 months (r=-0.694, p\<0.001 and r=-0.692, p\<0.001, respectively) ([Table 2](#t2-arm-2019-43-6-642){ref-type="table"}). Besides, BBS was correlated with FAC, walking ability by Koval, and K-FRAIL at 3 months (r=0.634, p\<0.001 and r=-0.566, p\<0.001 and r=-0.338, p=0.038, respectively), and correlated with FAC and walking ability by Koval at 6 months (r=0.764, p\<0.001 and r=-0.603, p=0.001, respectively) ([Table 3](#t3-arm-2019-43-6-642){ref-type="table"}).

In terms of outcome prediction, the change in BBS was correlated with change in COP area (r=-0.577, p=0.031), but not with change in COP length ([Table 4](#t4-arm-2019-43-6-642){ref-type="table"}). COP area and pathway length were correlated with K-FRAIL at 3 months after hip fracture surgery (r=0.501, p=0.001 and r=0.397, p=0.014, respectively). The same COP variables showed correlations with FAC and walking ability by Koval at 6 months after surgery (area: r=-0.542, p=0.002 and r=0.585, p=0.001, respectively; length: r=-0.577, p=0.001 and r=0.469, p=0.010, respectively).

Maximal power during CRT had correlation with chair rise time at 3 and 6 months after hip fracture surgery (r=- 0.751, p\<0.001 and r=-0.648, p=0.004, respectively) but not with BBS, FAC, walking ability by Koval, K-FRAIL, and HGS ([Table 2](#t2-arm-2019-43-6-642){ref-type="table"}).

DISCUSSION
==========

BBS can be measured anywhere without special tools, and the test result is semi-quantitative with up to 56 points. Meanwhile, mechanography is complementary in that it is more quantitative and less time-consuming. In our study, both COP area and length measured by mechanography were significantly associated with BBS at 3 and 6 months. Even in patients with hip fracture, mechanography is proven to be useful for evaluating postural balance.

BBS has a ceiling effect of 22.5% for community-dwelling older people \[[@b14-arm-2019-43-6-642]\]. As this study was performed at 3 and 6 months, which is within the subacute stage after hip fracture surgery \[[@b15-arm-2019-43-6-642],[@b16-arm-2019-43-6-642]\], BBS would not be affected by the ceiling effect, resulting in significant correlation with mechanography. Further studies would be needed to determine the usefulness of mechanography to predict balance with a 1- to 2-year follow-up.

COP area and length in mechanography were correlated with K-FRAIL at 3 months after hip fracture surgery, whereas the COP variables were correlated with FAC and walking ability by Koval at 6 months. In terms of immobilization and deconditioning, similar to frailty, skeletal muscle mass index correlated with BBS at 3 months after total hip replacement surgery in a previous study \[[@b17-arm-2019-43-6-642]\]. Moreover, lower-limb muscle weakness remained at 6 and 24 months after hip surgery, although gait and balance function recovered \[[@b18-arm-2019-43-6-642],[@b19-arm-2019-43-6-642]\]. Thus, COP variables might be correlated with muscle function or frailty in the early subacute stage, whereas COP variables have correlation with ambulatory recovery in the late subacute period.

For an evaluation of functional improvement, we measured the relationship between the degree of change in BBS and the extent of COP length and area at 3 and 6 months after hip surgery. Changes in BBS and the extent of COP area were correlated, whereas changes in BBS and that of COP length revealed borderline significance. Lower COP length and area values would indicate better performance in terms of postural balance. However, previous studies on COP length and area difference showed no consensus regarding the variables related to change in postural control \[[@b5-arm-2019-43-6-642],[@b20-arm-2019-43-6-642]\]. A larger sample size is needed to confirm that COP area is more useful when evaluating balance outcome.

Recently, COP displacement and velocity were shown to be related to postural balance \[[@b21-arm-2019-43-6-642]\]. However, it is not often applicable to measure COP displacement and velocity in patients with hip fractures due to hip pain and risk of falling. Moreover, BBS may not be sufficient to evaluate balance function, and additional balance parameters are required for the comprehensive assessment of postural balance \[[@b22-arm-2019-43-6-642]\]. Thus, it is encouraging that COP area and length have significant correlation with BBS. Quantitative mechanography can compensate for the limitation of BBS.

Since power is energy divided by time, maximal power and chair rise time should be related to each other, which was proven in this study. However, there was no significant association between lower-limb muscle power and other clinical parameters, including K-FRAIL and HGS.

There were several limitations to this study. First, not all patients could be evaluated because of their inability to stand without assistance at 3 months and there were drop-outs for a follow-up visit at 6 months after surgery. Second, a longer follow-up assessment with a larger sample size might be needed, although most patients regained premorbid or pre-fracture mobility function at 6 months after surgery. Third, dynamic COP parameters during the CRT would be more important than static COP variables, which is to be considered in future studies.

In conclusion, we demonstrated correlations between mechanography and clinical parameters at 3 and 6 months after surgery. The objective test with mechanography may be useful for quantitative and sensitive measurement of postural balance and lower limb muscle power in older patients surgically treated for hip fractures.
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![Schematic diagram for the study process.](arm-2019-43-6-642f1){#f1-arm-2019-43-6-642}

![Romberg test (A) and chair rise test (B) by the Leonardo Mechanograph (Novotec Medical GmbH, Pforzheim, Germany).](arm-2019-43-6-642f2){#f2-arm-2019-43-6-642}

![Exemplar results of the Romberg test in mechanography in a 79-year-old female with left femur neck fracture. Ellipse area (black arrow) was used for statistical analysis.](arm-2019-43-6-642f3){#f3-arm-2019-43-6-642}

![Exemplar results of maximal power during the chair rise test in mechanography in an 81-year-old female with right femur neck fracture. Peak maximal power (black arrow) was used for statistical analysis. The center of foot pressure length represents the total body sway trajectory (mm) during the Romberg test. The mechanograph also records the area (mm^2^ ) inside the trajectory curve.](arm-2019-43-6-642f4){#f4-arm-2019-43-6-642}

###### 

Patients' demographics at 3 and 6 months after hip fracture surgery

  Characteristic             3 months (n=38)        6 months (n=29)
  -------------------------- ---------------------- --------------------
  Age (yr)                   79 (68--92)            83 (66--92)
  Sex                                               
   Male                      8                      7
   Female                    30                     22
  Fracture side                                     
   Right                     18                     12
   Left                      20                     17
  Fracture location                                 
   Femur neck                15                     14
   Intertrochanteric         20                     14
   Subtrochanteric           3                      1
  Operation type                                    
   Hemiarthroplasty          23                     15
   Internal fixation         15                     14
  Height (cm)                155.5 (142.0--174.0)   158 (143.0--174.0)
  Weight (kg)                56.4 (37.0--70.2)      53.2 (37.0--76.0)
  BBS                        43 (13--54)            44 (23--55)
  FAC                        4 (2--6)               4 (3--5)
  Walking ability by Koval   2 (1--6)               2 (1--6)
  K-FRAIL                    1 (0--5)               1 (0--5)
  HGS (kg)                                          
   Right                     17.8 (8.8--28.1)       18.5 (9.3--31.7)
   Left                      16.3 (6.0--28.2)       15.6 (6.2--30.7)

Values are presented as median (range).

BBS, Berg Balance Scale; FAC, Functional Ambulation Category; K-FRAIL, Korean version of the fatigue, resistance, ambulation, illnesses, and loss of weight; HGS, hand grip strength.

###### 

Correlation of the COP area and length in Romberg test and maximal power in the chair rise test with clinical parameters in 3 and 6 months

            3 months                                                     6 months                                                                                                                                                                                                                                                
  --------- ------------------------------------------------------------ ---------- ------------------------------------------------------------ ------- -------- ------- ------------------------------------------------------------ --------- ------------------------------------------------------------ --------- -------- -------
  BBS       -0.570^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^   \<0.001    -0.494^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^   0.002   0.132    0.557   -0.694^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^   \<0.001   -0.692^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^   \<0.001   0.357    0.231
  FAC       -0.072                                                       0.690      -0.155                                                       0.389   0.121    0.593   -0.542^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^   0.002     -0.577^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^   0.001     0.318    0.290
  Koval     -0.087                                                       0.631      -0.108                                                       0.548   -0.201   0.370   0.585^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^    0.001     0.469^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^    0.010     -0.398   0.178
  K-FRAIL   0.501^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^    0.001      0.397^[\*](#tfn1-arm-2019-43-6-642){ref-type="table-fn"}^    0.014   -0.007   0.975   0.238                                                        0.222     0.317                                                        0.100     -0.267   0.378
  HGS       -0.083                                                       0.647      0.039                                                        0.831   0.193    0.389   -0.083                                                       0.647     0.039                                                        0.831     0.261    0.389

COP, center of foot pressure; BBS, Berg Balance Scale; FAC, Functional Ambulation Category; Koval, Walking ability by Koval; K-FRAIL, Korean version of the fatigue, resistance, ambulation, illnesses, and loss of weight; HGS, hand grip strength.

p\<0.05.

###### 

Correlation of BBS with clinical parameters in 3 and 6 months

            3 months                                                     6 months                                                                
  --------- ------------------------------------------------------------ ---------- ------------------------------------------------------------ ---------
  FAC       0.634^[\*](#tfn2-arm-2019-43-6-642){ref-type="table-fn"}^    \<0.001    0.764^[\*](#tfn2-arm-2019-43-6-642){ref-type="table-fn"}^    \<0.001
  Koval     -0.566^[\*](#tfn2-arm-2019-43-6-642){ref-type="table-fn"}^   \<0.001    -0.603^[\*](#tfn2-arm-2019-43-6-642){ref-type="table-fn"}^   0.001
  K-FRAIL   -0.338^[\*](#tfn2-arm-2019-43-6-642){ref-type="table-fn"}^   0.038      -0.304                                                       0.116

BBS, Berg Balance Scale; FAC, Functional Ambulation Category; Koval, Walking ability by Koval; K-FRAIL, Korean version of the fatigue, resistance, ambulation, illnesses, and loss of weight.

p\<0.05.

###### 

Correlation of changes in BBS with those in the COP area and length between 3 and 6 months after surgery

                △BBS                                                         
  ------------- ------------------------------------------------------------ -------
  △COP area     -0.577^[\*](#tfn3-arm-2019-43-6-642){ref-type="table-fn"}^   0.031
  △COP length   -0.496                                                       0.072

BBS, Berg Balance Scale; COP, center of foot pressure.

p\<0.05.
